Abstract
Background
Renal cell carcinoma (RCC) has been found to be the most common type of kidney cancers in adults [1] . Although there are many uncommon histological subtypes of renal cell carcinoma, the common histological subtypes of RCC can be majorly classified as clear cell renal cell carcinoma (ccRCC), papillary renal cell carcinoma (pRCC) and chromophobe renal cell carcinoma (chRCC) [2, 3] . Among these subtypes, the ccRCC is derived from the proximal convoluted tubule, and accounts for 80-90% of all RCC cases. The surgical managements, including nephrectomy and partial nephrectomy, still remain as the most recommended treatments for RCC [4] . Moreover, percutaneous ablation therapy, chemotherapy, targeted therapy, and even immunotherapy, have been recently used to treat such malignancy [5] [6] [7] [8] . However, the 5-year survival rate of ccRCC patients still remains to be improved, therefore, it's urgently necessary to develop novel diagnostic and therapeutic targets against ccRCC.
It is well known that RCC is a highly immunogenic and chemo-resistant tumor [9, 10] . Although the antiangiogenic therapies have significantly improved the overall survival of the patients with advanced or metastatic ccRCC over the past decade, the immune checkpoint blockade therapy (ICBT), such as antiprogrammed cell death 1 (anti-PD-1) therapy, has also been shown to be efficacious in metastatic RCC patients once anti-angiogenic therapy fails [11] [12] [13] . Emerging data on the mechanisms of reversing immuno-suppression in tumor microenvironment have led to the development of novel ICBT strategies in RCC patients, such as combination therapy of Nivolumab (anti-PD-1) plus Ipilimumab (anti-CTLA-4), or even ICBT in combination with targeted therapies [9, 14, 15] . All these findings indicate that the blockade of negative regulatory co-stimulatory molecules mediating signal pathways has been widely accepted as an important breakthrough in the treatment of RCC [16] . Moreover, some negative regulatory co-stimulatory molecules such as B7 family ligands B7-H3 and B7-H4, have been found abnormally expressed in human RCC tissues, and their expression levels in cancer tissues are significantly associated with cancer progression and poor prognosis, indicating that such negative regulatory co-stimulatory molecules can be used as important biomarkers and therapeutic targets against RCC [17, 18] .
Recently, certain novel B7 family ligands have been characterized and reported to be involved in tumor immune evasion [19] [20] [21] . Human endogenous retrovirus-H long terminal repeat-associating protein 2 (HHLA2, also known as B7-H7), a recently reported member of B7 family, is uniquely expressed in humans but not in mice, and plays an important role in the functional inhibition of CD4 and CD8 T cells [22] . The TMIGD2 (transmembrane and immunoglobulin domain containing 2), a single-pass type I membrane protein containing one immunoglobulin-like domain, has been characterized as the specific receptor for HHLA2 [23] . Several studies have shown that higher expression of HHLA2 in human cancer tissues is significantly associated with cancer progression and poor prognoses of the patients [24, 25] . In the present study, we aimed to examine the expression pattern of HHLA2 in human ccRCC tissues and to analyze its clinical significance. And we further investigated the contribution of HHLA2 to the biological function of ccRCC cell lines and the progression of this malignancy.
Materials and methods

Patients and tissue samples
The ccRCC tissue-array (Catalog: HKidE180Su03, Shanghai Outdo Biotech Co., Ltd., Shanghai, P. R. China) was used in the present study. A total of 90 patients (59 males and 31 females, aged 29 to 82 years) who underwent surgery between October 2006 and February 2008 were enrolled in this study. Incomplete tissue samples and several missing tissue samples were excluded during the heat-induced antigen retrieval, and finally a total of 87 cases were involved in the present work. The detailed clinical parameters of the patients were shown in Table 1 . All patients gave informed consent for participation, and the protocol for the present study was approved by the ethics committee of the Third Affiliated Hospital of Soochow University.
Immunohistochemical staining and the assessment of staining intensity
Immunohistochemical staining was performed as described in our previous studies [26, 27] . In brief, the antigen retrieval was done by heating the tissue sections at 100 °C in EDTA solution (pH 9.0) for 30 min. The sections were incubated with primary antibody against HHLA2 at 4 °C overnight, followed by incubation with HRP-conjugated secondary antibody. Diaminobenzene was used as the chromogen, and hematoxylin was used as the nuclear counterstain. Finally the sections were dehydrated, cleared and mounted. Moreover, the assessment of the immunostaining intensity of HHLA2 was done by using the H-score method in our published reports [26, [28] [29] [30] [31] .
RNA interference (RNAi), cell culture and treatments
The stable cell lines were established by using RNAi approach. Small hairpin RNA (shRNA) against human HHLA2 gene (NM_007072.2; GenBank) was obtained from Shanghai Generay Biotech Co., Ltd. (Shanghai, China). The shRNA target sequences against HHLA2 were as follows, shRNA-1: 5′-GCC AAG AAA CAG CTT CCC ATA-3′; and shRNA-2: 5′-CCT GGA TGT TAA GGA TTC CAA-3′. The non-targeted control sequence was used as previously described [28] [29] [30] 
RNA isolation and real-time PCR (RT-PCR)
The knockdown of HHLA2 expression at mRNA level in the two ccRCC cell lines ACHN and 786-O was confirmed using RT-PCR. The primer sequences of human HHLA2 were as follows: forward, 5′-GGA ACA CTT CAT TTT CCC CAA TTC -3′ and reverse, 5′-TCT CCT ACA TGC TCT CCT TCCT-3′. The sequences of the primers for reference gene human GAPDH, and the detailed protocol for real-time PCR were described in detail in our published reports [28] [29] [30] .
Cellular studies of proliferation, migration, invasion and cell cycle analysis under HHLA2 knockdown
The cell proliferation ability was examined using Cell Counting Kit-8, the cell migration ability was assessed using a wound scrape assay, and the cell invasive ability was examined by using matrigel-coated invasion chambers [29, 30] . For the cell cycle assay, the cells from different groups were inoculated in 6-well plates and cultured for 48 h, then were washed with ice-cold PBS and fixed in 70% (v/v) ice-cold ethanol solution overnight at 4 °C, then in the following day, these cells were analyzed by using flow cytometry according to the instruction of cell cycle analysis kit (Sigma, MO, USA), the cell cycle information was analyzed using ModFit LT 4.0 software.
Western blotting analysis
The Western blotting analysis was performed according to the protocol we have reported [28] [29] [30] . The anti-HHLA2 (1:2000; Abcam, MA, USA), the anti-GAPDH (1:4000, Sigma, St. Louis, MO, USA), and the HRP-labeled goat anti-mouse/rabbit secondary antibody (1:6000, Sigma Aldrich, St. Louis, MO, USA) were used, and the immunoreaction was visualized using an enhanced chemiluminescence detection kit (Thermo Fisher, MA, USA) and exposed to X-ray film, and band densities were quantified by densitometry with a video documentation system (Gel Doc 2000, Bio-Rad).
Agilent lncRNA microarray analysis
The Agilent Human lncRNA Microarrays (V6) were used on the Agilent Microarray-Based Gene Expression Analysis platform by Oebiotech Co. (Shanghai, P.R. China) as described previously [30, 32] . In brief, the total RNA was extracted from 786-O and ACHN cells from LV-HHLA2-shRNA (sh1) and LV-NC groups, and then quantified by the NanoDrop ND-2000 (Thermo Scientific) and the RNA integrity was assessed by Agilent Bioanalyzer 2100 (Agilent Technologies). The total RNA were reverse-transcribed to double strand cDNA, then synthesized into cRNA and labeled with Cyanine-3-CTP. The labeled cRNAs were hybridized onto the microarray. After washing, the arrays were scanned by the Agilent Scanner G2505C (Agilent Technologies). The Feature Extraction software (Version10.7.1.1, Agilent Technologies) was used to analyze array images to get raw data. Genespring (Version 13.1, Agilent Technologies) was employed to finish the basic analysis with the raw data.
To begin with, the raw data was normalized with the quantile algorithm. The probes that at least 1 condition out of 2 conditions has flags in "P" were chosen for further data analysis. Differentially expressed genes or lncRNAs were then identified through fold change. The threshold set for up-and down-regulated genes was a fold change > = 2.0. Afterwards, GO analysis and KEGG analysis were applied to determine the roles of these differentially expressed mRNAs.
Statistical analysis
GraphPad Prism 5.0 software package (GraphPad Software, Inc., San Diego, USA) was used in the present statistical analysis, and the paired Student's t test, the Wilcoxon signed-rank test, the Chi square test or the Log-rank test was used where appropriate. A P value < 0.05 was considered as statistically significant.
Results
Survey of HHLA2 expression at the mRNA level in human ccRCC tissues based on TCGA data
According to TCGA data from http://gepia .cance r-pku. cn/, we firstly compared the HHLA2 expression at the mRNA expression level between human ccRCC tissues and adjacent normal tissues, and higher expression of HHLA2 was found in human ccRCC tissues compared Fig. 1 Survey of HHLA2 expression at mRNA level in human ccRCC tissues based on TCGA data. We compared the HHLA2 expression at mRNA level between human ccRCC tissues and adjacent normal tissues according to TCGA data from http://gepia .cance r-pku.cn/. a Higher expression in human ccRCC tissues was found compared with adjacent normal tissues (P < 0.05). The HHLA2 mRNA expression level was positively and significantly correlated with PD-L1 (b, P < 0.05), PD-L2 (c, P < 0.001), B7-H6 (f, P < 0.0001), but negatively and significantly correlated with B7-H3 (d, P < 0.05), and there was no significant association between HHLA2 and B7-H4 (e, P > 0.05) with the adjacent normal tissues (Fig. 1a , P < 0.05). Secondly, because HHLA2 is an important member of B7 family ligands, we then assessed the associations between the HHLA2 expression at mRNA level and other members from B7 family in human ccRCC tissues. We found that the mRNA expression level of HHLA2 was positively and significantly correlated with PD-L1 (Fig. 1b , P < 0.05), PD-L2 (Fig. 1c , P < 0.001) and B7-H6 ( Fig. 1f , P < 0.0001), while it was negatively and significantly correlated to B7-H3 ( Fig. 1d , P < 0.05), and there was no association between HHLA2 and B7-H4 ( Fig. 1e , P > 0.05), suggesting a certain similarity of the potential biological function of HHLA2 with other immune checkpoint molecules in the tumor microenvironment of human ccRCC.
Immunostaining of HHLA2 expression in human ccRCC tissues and its clinical implications
In order to study the expression pattern of HHLA2 in human ccRCC tissues and its clinical implications, we also performed the immunohistochemistry assay to examine the HHLA2 expression in human ccRCC tissue array. As shown in Fig. 2a , the positive staining of HHLA2 was predominantly found in the cytoplasm and on the membrane of the cancer cells. Similar with the expression pattern of HHLA2 at mRNA expression level from TCGA data, the staining intensity of HHLA2 in human ccRCC tissues was significantly higher than that in adjacent normal tissues (Fig. 2c) , and the overall survival rate of ccRCC patients with low HHLA2 expression was significantly higher than that of the patients with high HHLA2 expression (HR = 3.141, 95% CI 1.831-9.238, P = 0.007, Fig. 2d ). As shown in Table 1 , we also found that the higher expression of HHLA2 was positively and significantly associated with lager tumor size (P = 0.042), and advanced TNM stage (P = 0.041), but we could not find any association with patient's gender and age. Moreover, as shown in Table 2 , the COX model also showed that the parameters including patient's age, TNM stage and the HHLA2 expression level could be used as the independent risk factors for the prognostic prediction of the patients. Interestingly, we also perform the CD8 and the CD34 staining, which reflected the tumor infiltrating CD8 + T cells and the intratumoral microvessels respectively in ccRCC tissues, and our statistical data showed that there weren't any significant associations between HHLA2 expression in ccRCC tissues and the infiltrating intensity of CD8 + T cells, or between HHLA2 expression in ccRCC tissues and the intratumoral microvessels (data not shown). Therefore, our present results unveil that the abnormal expression of HHLA2 might promote the cancer progression in certain biological process but not via the regulation of CD8 + T cell infiltration or intratumoral angiogenesis.
Establishment of stable knockdown of HHLA2 expression in ccRCC cell lines 786-O and ACHN
In order to further investigate the biological function of HHLA2 in human ccRCC cell lines, we establish the stable knockdown expression of HHLA2 in ccRCC cell lines 786-O and ACHN by using shRNA via lentiviral infection and cell sorting by using detecting GFP expression in the flow sorter. Then, we check the knockdown efficiency by real-time RT-PCR analysis, and our data showed that the mRNA expression level of HHLA2 was significantly decreased in the LV-HHLA2-sh1 (P < 0.01 in 786-O cells, and P < 0.001 in ACHN cells) as well as the LV-HHLA2-sh2 (P < 0.01 in 786-O cells, and P < 0.0001 in ACHN cells) group compared with the LV-NC group (Fig. 3a) . Consistently, we also found that the HHLA2 expression at the protein level was significantly decreased in the LV-HHLA2-sh1 (P < 0.001 in 786-O cells, and P < 0.001 in ACHN cells) and LV-HHLA2-sh2 (P < 0.05 in 786-O cells, and P < 0.001 in ACHN cells) groups compared with the LV-NC group (Fig. 3b, c) .
Then, we further assessed the migration ability of the ccRCC cell lines after knockdown HHLA2 expression in the LV-HHLA2-sh1 as well as LV-HHLA2-sh2 group in contrast to the LV-NC group, and as shown in Fig. 3d-f , at the time point of 48 h, the relative distance of LV-HHLA2-sh1 (P < 0.0001 in 786-O cells, and P < 0.0001 in ACHN cells) as well as LV-HHLA2-sh2 (P < 0.0001 in 786-O cells, and P < 0.0001 in ACHN cells) group was significantly increased in contrast to the LV-NC group, suggesting that knockdown of HHLA2 expression significantly reduce the migration ability of ccRCC cell lines. Our CCK-8 assay also showed that the cell proliferation ability of ccRCC cell lines was significantly decreased in the LV-HHLA2-sh1 (P < 0.0001 in 786-O cells, and P < 0.0001 in ACHN cells) and LV-HHLA2-sh2 (P < 0.0001 in 786-O cells, and P < 0.0001 in ACHN cells) groups compared with the LV-NC group (Fig. 3g, h ). Our transwell assay also showed that the cell invasive ability of ccRCC cell lines was significantly decreased in the LV-HHLA2-sh1 (P < 0.01 in 786-O cells, and P < 0.01 in ACHN cells) and LV-HHLA2-sh2 (P < 0.01 in 786-O cells, and P < 0.01 in ACHN cells) groups compared with the LV-NC group (Fig. 3i, j) .
Knockdown of HHLA2 significantly decreased the expressions of Cyclin D1, c-Myc and Cyclin E1 in ccRCC cell lines
As shown in Fig. 4a-c , the knockdown expression of HHLA2 significantly increased the ratio of G1 phase and induced cell cycle arrest in human ccRCC cell lines, we then further examined the expressions of Cyclin D1, Fig. 4d -g, our data showed that, the Cyclin D1 was significantly decreased in the LV-HHLA2-sh1 (P < 0.01 in 786-O cells, and P < 0.01 in ACHN cells) as well as LV-HHLA2-sh2 (P < 0.01 in 786-O cells, and P < 0.01 in ACHN cells) group in contrast to the LV-NC group, the c-Myc was significantly decreased in the 
HHLA2 was potentially involved in the promotion of epithelial-to-mesenchymal transition (EMT) in human ccRCC cells
In order to further investigate the potential contribution of HHLA2 to cellular function and signal pathways of human ccRCC cells in cancer progression, we performed the Agilent lncRNA microarray analysis to identify the differentially expressed genes profiles between LV-HHLA2-sh1 and LV-NC groups. As shown in Fig. 5a , b, the co-up-regulated genes were involved in the KEGG and GO analyses, and the top 20 pathways were listed, and for the co-down-regulated genes, the top 20 pathways were also listed in Fig. 5c, d . Therefore, the data from the present microarray analysis also support the conclusion from the cellular function study after knockdown of HHLA2 expression in certain pathways. For example, we found that the positive regulation of EMT was involved in the GO enrichment of top 20 pathways of co-downregulated gene profiles (Fig. 5d) . Then, we further performed the study to examine the change of EMT markers after HHLA2 knockdown expression in ccRCC cell lines, including E-cadherin, N-cadherin and Vimentin (as shown in Fig. 5e ). The statistical results showed that, after knockdown of HHLA2 in 786-O and ACHN, the expression of E-cadherin was significantly increased (Fig. 5f ), the expressions of N-cadherin (Fig. 5g) and Vimentin (Fig. 5h) were significantly decreased.
Discussion
HHLA2 was first characterized by Mager and his colleagues in 1999, and was then named as HHLA2 due to its long terminal repeats in 3′-UTR [33] . Human HHLA2 is located in the 3q13.13, which is very close to B7-1 and B7-2 genes, and shows high homology to PD-L1 [22] . As an important co-stimulatory molecule in the negative regulation of T cells response, HHLA2 has been found to be widely expressed in antigen-presenting cells and T cells, but weakly expressed in resting dendritic cells and macrophages [22] . The transmembrane and immunoglobulin domain containing 2 (TMIGD2) is the receptor of HHLA2, which could be found in naive T cells and NK cells, as well as some endothelial cells and epithelial cells [34] . It has been demonstrated that over-expression of HHLA2 in tumor microenvironment could dampen the T-cell mediated anti-tumor response, break the immune surveillance, and promote tumor immune invasion [35] . It has been demonstrated that HHLA2 protein could be widely found in many human cancer tissues, such as breast, lung, thyroid, melanoma, pancreas, ovary, liver, bladder, colon, prostate, kidney, and esophagus cancers [23, 36] . Further studies demonstrated that higher expression level of HHLA2 in human lung cancer tissues significantly associated with EGFR mutation, higher intensities of TILs and PD-L1 status, suggesting an effective immunotherapy strategy for PD-L1-negative patients [37, 38] . Higher HHLA2 expression could also be found in triple negative breast cancer patients at stage I to III, and significantly associated with lymph node metastasis and poorer prognosis [23, 35] . Koirala et al. showed that HHLA2 was highly expressed in the majority of osteosarcoma tumors, and its expression level could be used to predict metastatic status and poorer survival of the patients [39] .
In our present study, we reported that the higher HHLA2 expression could be found in human ccRCC tissues, both at the mRNA level from the TCGA data and at the protein level from the immunohistochemistry results, indicating that HHLA2 might be a novel immunosuppressive mechanism within the tumor microenvironment of human ccRCC. Our immunohistochemistry study and the clinical data analysis also showed that increased HHLA2 expression in human renal cancer tissues significantly associated with the poorer overall survival and advanced TNM stage of the patients, suggesting that abnormal expression of HHLA2 was involved in the oncogenesis and progression of human ccRCC. However, different from the results from other groups [24, 35] , we could not find any significant relationship between HHLA2 expression level and the intensities of CD8 + T cell infiltration as well as the CD34 + intratumoral microvessels (data not shown). However, when we used the RNAi approach to establish the knockdown of HHLA2 expression in human ccRCC cell lines, we found that HHLA2 knockdown could significantly decreased the cell viability, migration ability, invasion ability, and induced the cell cycle arrest at G1 phase. The cellular studies further confirmed that the expressions of Cyclin D1, c-Myc and Cyclin E1 were significantly decreased after knockdown of HHLA2 expression.
In order to further investigate the regulatory mechanism of HHLA2 on cellular function and signal pathways in human ccRCC cell lines, we performed the Agilent lncRNA microarray analysis to explore the differentially expressed genes profiles between LV-HHLA2-sh1 and LV-NC groups. The co-down-regulated as well as the co-up-regulated gene profiles were analyzed, and among the top 20 pathways, we further investigated the epithelial-to-mesenchymal transition (EMT) upon knockdown of HHLA2 expression in ccRCC cell lines. Our results showed that the EMT marker E-cadherin expression was significantly increased, and N-cadherin as well as Vimentin was significantly decreased after knockdown of HHLA2 expression, suggesting that HHLA2 was involved in the cancer progression of human ccRCC by promoting EMT. It is noteworthy that many B7 family ligands were reported to have an important regulatory role in the EMT of cancer cells. For instance, PD-L1 has been confirmed to be an important mediator of EMT in certain human cancer tissues, such as lung cancer, colorectal cancer, esophageal cancer, and head and neck cancer [28, [40] [41] [42] . Moreover, other members such as B7-H3 and B7-H4, have also been suggested to promote EMT of cancer cells during cancer progression [43] [44] [45] .
Collectively, our present study reported the clinical significance of abnormal HHLA2 expression in human ccRCC. Moreover, we also explored the contribution of HHLA2 to pathogenesis and progression of human ccRCC, and further confirmed that HHLA2 was involved in the promotion of EMT during cancer progression.
Conclusions
Our present findings suggested that HHLA2 expression in human clear cell renal cell carcinoma is significantly associated with patient's prognosis and promotes cancer progression, and could serve as important prognostic predictor and therapeutic target for this malignancy.
